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Introduction
Ionic liquids (ILs) are molten salts, liquids at temperatures below 100°C. Due to unique chemical and physical propertiesincluding thermal stability, a high solubility power, and extremely low vapor pressure-ILs can serve as new solvents for catalysis, synthesis and extraction as an alternative to volatile organic compounds, which are traditionally used in industrial processes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . ILs formed by the transfer of a protons between a Brønsted acid and a Brønsted base, form a protic subgroup in the class of ambient temperature fluid systems now referred as ''Protic Ionic Liquids (PILs)". To date, PILs have not received a particularly large share of the literature based on ILs studies [16] . Nevertheless, these ILs family have many useful properties and potential applications [16] , often arising from their protic nature, including as self-assembly media [17] [18] [19] [20] [21] , reaction media and catalysts for organic reactions [22] [23] [24] , biological applications [25] [26] [27] [28] , as proton conducting electrolytes for polymer membrane fuel cells [29] [30] [31] , and as explosives [31] [32] [33] [34] .
In spite of importance of properties of ILs in aqueous or nonaqueous solutions, there is limited information available on the thermodynamic properties of ILs mixtures with other fluids and these properties still lacking [35] [36] [37] [38] [39] [40] [41] [42] . There are many experimental and theoretical studies which deal on the behaviour of thermodynamic properties of mixtures containing IL with common organic solvent [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] . However, due to the enormous number of possible binary systems, a lot of work remains to be done. Many efforts in this field have been devoted to the study of (RTIL + water) and (RTIL + alcohol) binary systems, mainly motivated by solubility of ILs in these molecular solvents as well as low environmental impact of these mixtures [46] [47] [48] [49] [50] [51] [52] [53] [54] .
In recent years, ILs based on 1-alkyl-3-methylimidazolium cation ([C n mim] + ) have received much attention [61] . An interesting aspect of these types of ILs is that the [C n mim] + cations possess inherent amphiphilic character when the alkyl group is a length hydrocarbon chain [35] . In solution, the solvation and the interactions of the ions or ion pairs with the solvent determine the unique properties of these systems [62] . The volumetric properties of electrolyte and non-electrolyte solutions have been particularly informative in elucidating the solute-solute and solute-solvent interactions that exist in these solutions. We are show in recent paper that the pyrrolidinium carboxylate PILs ([Pyrr][C n H 2n+1 COO]) have shown a higher ability to aggregate in water, even for the shortest alkyl-chain length (n = 5) [63] . The study of their thermodynamic properties pure, and in binary systems with molecular solvent can be provide preciously information concerning the interactions of this PIL with the solvent.
The aim of this work is to study the density (q), the viscosity (g) and refractive index (n D ) of pyrrolidinium octanoate PIL in mixture with water, alcohols (methanol, ethanol, and n-butanol) and acetonitrile. q and g have been measured at several temperatures, and n D is measured at 298.15 K.
The apparent molar volume and thermal expansion coefficients of the investigated PIL solutions have been evaluated as a function of concentrations. The excess properties were then correlated, at each temperature, as a function of composition by a Redlich-Kister-type equation. The limiting partial molar volume at infinite dilution has been determined. Finally, the thermodynamic properties of investigated binary mixtures containing the selected PIL were then compared together in order to investigate the impact of the nature of the solute on these reported properties.
Experimental section

Materials and methods
Octanoic acid (P99%) and pyrrolidine (P99%) used in this study are commercially available (Sigma-Aldrich) and used without further purification. Double distilled deionised water was used for the preparation of aqueous solutions. Methanol (P99%), ethanol (P99%), and n-buta- nol (P99%) are commercially available (Sigma-Aldrich). Binary mixtures containing the protic ionic liquid and molecular solvent were prepared by mass with an accuracy of ±1 Á 10 À4 g using a Sartorius 1602 MP balance. The densities of pure components and their mixtures were measured using pycnometers immerged in a thermostated bath. The uncertainty for densities did not exceed ±0.2%. The temperature was measured by using a 100 X platinum resistance thermometer within and accuracy of ±0.1 K. Measurements of refractive index are occurred at 298.15 K with an ABBE refractive index instrument, calibrated with deionised water with accuracy greater than ±2 Á 10 À4 .
Preparation of pyrrolidinium octanoate protic ionic liquids
The physicochemical properties: transport properties, electrochemical window, thermal properties from (153 to 673) K of pyrrolidinium octanoate are studied in a previously paper [64] . His synthesis has been resumed as following:
Pyrrolidine (26.29 g; 0.37 mol) is placed in a three-neck roundbottom flask immerged in an ice bath and equipped with a reflux condenser, a dropping funnel to add the acid and a thermometer to monitor the temperature. Under vigorous stirring, octanoic acid (53.32 g; 0.37 mol) is added dropwise to the pyrrolidine (1 h). As this acid-base reaction is exothermic, the mixture temperature is maintained at less than 298.15 K during the addition of the acid by using of an ice bath. Stirring is maintained for 4 h at ambient temperature, a yellow pale-coloured and low-viscous liquid is obtained. The residual pyrrolidine {T b = (360 to 361) K} or octanoic acid {T b = (360 to 361) K} is evaporated under reduced pressure and the remaining liquid is further dried at 386 K under reduced pressure (0.1 Pa) to obtain the PIL (78.585 g; 98.7%). Pyrrolidinium octanoate sample were dried overnight at 343 K under high , are listed in tables 2 to 6 and presented in figure 1 for binary mixtures containing water, methanol and acetonitrile as solvent. Excess molar volumes, V E are calculated according to the following equation: where x i , M i , q i are, respectively, the mole fraction, the molar mass, and the density of component i.
experimental V E data of studied mixtures are listed in tables 2 to 6 with accuracy greater than 0.0005 cm 3 Á mol
À1
. Figure 2 shows negative excess molar volumes over the entire mole fraction range for PIL mixtures with water, methanol, and acetonitrile. In the case of longest carbon chain alcohols (such as ethanol and n-butanol) + pyrrolidinium octanoate solutions, the V E variations as a function of the composition describe an S shape. This comportment is described by Sibya et al. [65] . A more peculiar feature of these curves is their asymmetry, in other word, their V E change of sign with the composition. Moreover, irrespective of the nature of ; corresponding to 1% to 2% of the mixture's molar volume).
In the case of ethanol and n-butanol PIL's solutions, V E show two maxima at x 1 = 0.2 and x 1 = 0.8. At the first composition (x 1 = 0.2), V E values decrease when the alcohol alkyl-chain length decrease. Figure 3 illustrates at x 1 = 0.2 a regular behaviour between the variation of the V E as a function of the longer of the n-alcohols. In fact, asymmetrical curves of V E are more likely to occur when the two components of the mixture have a large molar volume difference, as is indeed the case. Furthermore, it is known that in several binary mixtures containing ionic liquids the locus of maxima/minima in V E against composition is also away from the equimolar composition [66] [67] [68] [69] [70] . Several authors, [71] [72] [73] , have measured the excess molar volume of binary mixtures containing (ionic liquid + alcohol) for alkylsulfate-based, tetrafluoroborate-based, and bis(trifluoromethylsulfonyl)imide based ionic liquids, respectively, and their results exhibiting asymmetric curves with negative-to-positive trends as the alcohol alkyl-chain length increases.
The excess molar volume, V E , depends mainly on two factors (i) variation in inter molecular forces between two components into contact and (ii) variation in molecular packing as a consequence of differences in size and shape of molecules. If interactions between unlike molecules are weaker than those between like molecules, excess molar volume will be positive. This is the case of ethanol and especially n-butanol, which are responsible of specific interactions with the alkylchain of the carboxylate anion, when the excess volume is positive. For the three other solvents, the interactions between unlike molecules are higher than those between like molecules that as a consequence negative V E are observed by following this order: water < methanol < acetonitrile. The effect of water being most marked owing to be hydrophobic comportment of the hydrocarbon chain of the carboxylate anion in aqueous solution. 
where V m is the molar volume of mixture, x i is the mole fraction of component i in the mixture, V m,i is the molar volume of the pure component i and j the second component. Combination of equations (1) and (2) gives the following set of equations:
V/ 1 and V/ 2 values are reported in tables 2 to 6. The partial and excess partial molar volumes have frequently been used to give an insight on solute-solvent interactions. Therefore the partial molar volume of the PIL in the mixture has been calculated using the following relation: figure 7 in the case of water and acetonitrile. In the case of solution containing acetonitrile, the temperature effect is very important; by increasing the temperature, the sign of the excess molar volume changes. In the case of water solutions, minor effect of the temperature is observed in the evolution of V E , the maximum of H-bonds break-up is observed at x 1 = 0.5.
Thermal expansion
A frequently applied derived value for industrial mixtures is the temperature dependence of volume, which is expressed by thermal expansion coefficient (a p ). The data reported in the literature give, generally, only values of thermal expansion coefficients for pure compounds and theirs mixtures, showing the relative changes in density as a function of composition for a studied temperature and then assume that these changes remain constant in any thermal range.
The thermal expansion coefficient a p , at constant pressure (p) and composition (x i ), for {[Pyrr][C 7 CO 2 ] + solvent} system was calculated from experimental data according to the following equation:
The excess thermal expansion coefficient a E p is defined as follows:
where a 1 and a 2 , are respectively the thermal expansion coefficients for pure components 1 and 2, and / 1 and / 2, volume fractions for pure components 1 and 2.
In figure 8 , variations of the excess thermal expansion coefficient of the {[Pyrr][C 7 CO 2 ] + solvent} binary systems, in the case of water, methanol, ethanol, and acetonitrile as solvents, are reported. The deviation a E p is positive for water, and negative for the three other studied solvents according to this order: ethanol < methanol < acetonitrile < water mixtures. The effect of temperature is greater [74] .
Temperature is a factor that, in alcohols mixtures, contributes to the contraction; this observation is probably due to an increasing difficult accommodation of the aliphatic ends of the ions and solvents by molecular kinetics. In the last few years, different studies have pointed out the special ''iceberg structure'' of the hydroxyl short molecules, and the intense modifications that this structure suffers as a function of composition and temperature in polar media. Ionic liquid mixtures in this media are not an exception. This special structure is especially sensitive to globular or linear polar molecules. As a result, the short molecules of solvents in the mixture experience a greater steric hindrance compared with the pure solvent situation. Steric hindrance weakens hydrogen bonding between oxygen and proton, thereby resulting in formation of short lived hydrogen bonds and less rigid mixtures as shown in figure 8.
Refractive index of [Pyrr][C 7 CO 2 ] in molecular solvent solutions
The refractive index n D can be used as a measure of the electronic polarizability of a molecule and can provide useful information when studying the interaction forces between molecules [75] or their behaviour in solution [76] . 
where / 1 and / 2 are the volume fractions of components 1 and 2, respectively.
, and D / n for the four studied binary mixtures are displayed in table 9 and D / n values for all mixtures are plotted in figure 9 against the PIL volume fraction, / 1 , over the whole composition region. The sign of D / n is positive over the whole composition range and approach a maximum of 0.25 in mole fraction for all systems. The magnitude of deviation D / n observed is obtained according this order: water > methanol > acetonitrile > ethanol. Since deviations of n D , D / n can be physically interpretable as the deviation of the reduced free volume [77] , D / n are negatively correlated to V E values. In fact D / n (figure 9) and of V E (figure 3) vary in opposite direction according to the nature of solvent. Nerveless the extrema for both quantities occurred at the same molar fraction, and, if absolute values are considered at x 1 = 0.2 for water, methanol and acetonitrile. high V E values (water > methanol > acetonitrile) correspond to high D / n values (water > methanol > acetonitrile). As it stated above, D / n and V E must be somehow related: if V E is negative, then there will be less available free volume than in an ideal solution and photons will be more likely to interact with the molecules or ions constituting the mixture. As a result, light will travel at a weaker velocity in the concerned medium and its refractive index will be higher than in an ideal solution. (10): figure 11a , that in the case of water, for all temperatures studied, g E is positive over the entire composition range and decreases with increasing temperature. This behaviour is habitually observed for compounds containing ammonium function in mixture with water [78] .
Whereas, for the four other solvents: acetonitrile, methanol, ethanol, and n- figure 11b ). In fact, the temperature influences strongly the viscosity deviations but the observed compositions at the maximum in viscosity deviations were found to be almost constant and independent of temperature.
In figure 12 , we report, for comparison, the viscosity deviations as a function of PIL mole fraction, According to Kauzmann and Eyring [79] , the viscosity of a mixture depends strongly on its entropy, which is related with the liquid's structure. Therefore, the viscosity deviation depends on molecular interactions as well as on the size and shape of the molecules. It can be seen in figure 12 , that for all solvents except water, the viscosity deviations are negative over the whole composition range. This behaviour is characteristic of mixtures without strong specific interactions. A contrario, aqueous mixtures exhibit positive deviations which could be attributed to the break-up of the self-association through hydrogen bonding.
On the basis of the theory of absolute reaction rates [80, 81] , the excess Gibbs free energies (DG* E ) of activation of viscous flow were calculated from equation (11): 
where
), g E (mPa Á s) orD / n, x 1 , and x 2 the mole fraction of the components 1 and 2 and A i are the adjustable parameters and, m, the order of polynomial equation (m = 3). The optimum number of adjustable parameters was ascertained from an examination of the absolute average deviation AAD:
where N is the total number of experimental points. 
Conclusion
The refractive index deviations, D / n, for solutions of pyrrolidinium octanoate, [Pyrr][C 7 CO 2 ] and molecular solvents were determined from the experimental data. They exhibit positive deviations from the ideal behaviour overall the entire range for all (solvent + PIL) systems. Volumetric properties of ([Pyrr][C 7 CO 2 ] + solvent) binary systems for four molecular solvents (water, methanol, ethanol, n-butanol, and acetonitrile) were studied. Different behaviours were observed which reflected differences in volumetric proprieties of the (PIL + solvent) systems.
Densities of the {[Pyrr][C 7 CO 2 ] + solvent} system have been reported at T = (298.15 to 328.15) K. From these densities, the PIL and solvents apparent molar volumes of have been calculated at each temperature. The apparent molar volumes at infinite dilution (partial molar volume at infinite dilution) for [Pyrr][C 7 CO 2 ] in all solvent have been then obtained. Data of thermal expansions for these binary systems were calculated from experimental data. Viscosities and their deviation from ideality are studied as function of composition and temperature for the four systems. Excess properties were, then, fitted to the Redlich-Kister polynomial equation. 
